Introduction
The physiological functions of K ϩ channels in the inner ear include setting of the resting potential and shaping the voltage responses of sensory hair cells and neurons (Housley and Ashmore, 1992; Santos-Sacchi, 1993; Kros et al., 1998) , synaptic inhibition in hair cells (Fuchs and Murrow, 1992; Oliver et al., 2000) , generation of the endocochlear potential, and establishment of the high K ϩ concentration of the endolymph (Wangemann, 2002) . Recently, mutations in the KCNQ4 K ϩ channel gene have been shown to underlie the progressive autosomal dominant hearing loss classified as DFNA2 (Kubisch et al., 1999) . The pathophysiological mechanisms behind this deafness are not well understood. KCNQ4 is expressed strongly in the basolateral membrane of cochlear outer hair cells (OHCs) and is thought to constitute the major OHC K ϩ conductance I K,n (Housley and Ashmore, 1992; Marcotti and Kros, 1999; Kharkovets et al., 2000) . I K,n provides a large K ϩ conductance at the resting potential of the cell and thus determines the membrane potential and membrane time constant (Housley and Ashmore, 1992; Marcotti and Kros, 1999) . Current models suggest that loss of this conductance in KCNQ4/DFNA2 patients will impair K ϩ efflux from OHCs, which should lead to a K ϩ overload and finally result in degeneration of OHCs (Jentsch, 2000; Kharkovets et al., 2000) .
There is, however, an intrinsic problem with this model arising from the function of OHCs: although OHCs provide active amplification of sound-induced vibrations, they do not convey afferent sensory information (for review, see Dallos, 1992) . Accordingly, the loss of OHCs or OHC function is known to result in an increased hearing threshold of at most 40 -50 dB (Ryan and Dallos, 1975) but not in the severe hearing loss observed in DFNA2 patients (Marres et al., 1997; De Leenheer et al., 2002) .
Alternatively, hearing loss in DFNA2 may result from a defective afferent signal transmission, from either a defective central auditory pathway whose neurons are known to express KCNQ4 (Kharkovets et al., 2000) or functional defects in inner hair cells (IHCs) (Takeno et al., 1994; Wang et al., 1997) . Information on expression of KCNQ4 in IHCs, however, has been contradictory. Although initially no detectable expression in IHCs was reported (Kubisch et al., 1999) , more recent articles suggest at least some expression in IHCs (Beisel et al., 2000; Kharkovets et al., 2000) . Electrophysiologically, two K ϩ current components have been characterized (I K,f and I K,s ), both of which are outwardly rectifying (Kros and Crawford, 1990) . I K,f is carried by largeconductance Ca 2ϩ -and voltage-dependent K ϩ (BK) channels, as shown by its submillisecond kinetics and block by tetraethylammonium (TEA), charybdotoxin, and iberiotoxin (Kros et al., 1998) . I K,s is probably carried by K V -type channels, as concluded from its slower kinetics and sensitivity to 4-aminopyridine (4-AP). It has been suggested that these currents shape the voltage response and the resting potential of IHCs (Kros et al., 1998) .
Here, we investigate the presence of KCNQ currents in IHCs. We find a novel current with high sensitivity to KCNQ-channel blockers. Moreover, KCNQ4 expression in IHCs could be verified by immunofluorescence and single-cell reverse transcription (RT)-PCR, raising the possibility that IHC dysfunction might contribute to hearing loss in DFNA2.
Materials and Methods
Electrophysiology. Apical cochlear turns of mice (NMRI; 22-32 d after birth; Charles River Laboratories, Sulzfeld, Germany) and rats (Wistar; 26 -28 d after birth; Charles River Laboratories) were isolated as described previously (Oliver et al., 2000) . Briefly, animals were killed by decapitation, cochleae were dissected, and the organ of Corti was separated from the modiolus and stria vascularis. The apical turn of the organ of Corti was placed in an experimental chamber continuously perfused with standard extracellular solution containing the following (in mM): 144 NaCl, 5.8 KCl, 1.3 CaCl 2 , 0.9 MgCl 2 , 10 HEPES, 0.7 Na 2 HPO 4 , and 5.6 glucose, with pH adjusted to 7.3 with NaOH. Access to the IHC basolateral membrane was gained by removal of supporting cells surrounding the IHC with a suction pipette.
Whole-cell and inside-out patch-clamp recordings were done with an Axopatch 200B amplifier (Axon Instruments, Foster City, CA) at room temperature (22-24°C). Electrodes were pulled from quartz glass and had initial resistances of 1.5-2.5 M⍀.
For whole-cell measurements, pipettes were filled with intracellular solution containing the following (in mM): 135 KCl, 3.5 MgCl 2 , 0.1 CaCl 2 , 5 EGTA, 5 HEPES, and 2.5 Na 2 ATP, with pH adjusted to 7.3 with KOH. In one set of experiments, 10 mM 4-AP-Cl was added to the pipette solution to block I K,s currents. Residual whole-cell series resistance (R s ) after application of series resistance compensation (70 -95%) was Ͻ1 M⍀. Membrane voltage was not corrected for errors (Ͻ3 mV) resulting from residual R s ; residual R s is given in the figure legends where necessary. Voltage-clamp recordings were low-pass filtered at 2 kHz (for KCNQ currents) or 10 kHz (for BK currents), and sampling rate was 10 or 50 kHz, respectively. Membrane potential was measured under current clamp using the zero-current mode of the amplifier, and recordings were low-pass filtered at 1 kHz and sampled at 5 kHz. TEA, linopirdine (lot LEL497A; Research Biochemicals, Natick, MA), and XE991 (DuPont NEN, Wilmington, DE) were added to the extracellular medium from stock solutions and applied via a glass capillary positioned close to the organ of Corti. Stock solutions of linopirdine and XE991 were prepared in dimethylsulfoxide (final concentration, Յ0.1%). External solutions with different [K ϩ ] were prepared by substituting KCl for an equal amount of NaCl.
For inside-out recordings, patch pipettes were filled with standard extracellular solution. After excision, patches were placed in front of an array of capillaries that allowed exchange between solutions with different free [Ca 2ϩ ]. Composition of these solutions was as follows (in mM): 135 KCl, 1 MgCl 2 , 5 HEPES, and 10 4-AP-Cl, with pH adjusted to 7.3 with HCl. Free [Ca 2ϩ ] was buffered with 2 mM dibromo-BAPTA [K D (Ca), 1.8 M at 23°C; pH 7.3; Fluka, Seelze, Germany] to 1, 3, and 10 M by adding 0.705, 1.240, and 1.690 mM CaCl 2 , respectively. For [Ca 2ϩ ] ϭ 0, the solution contained 5 mM K 2 EGTA instead of dibromo-BAPTA. Free [Ca 2ϩ ] was verified using a Ca 2ϩ -sensitive electrode (World Precision Instruments, Berlin, Germany).
Activation curves of membrane currents were obtained by using the tail current protocols indicated in Results. For conductance-voltage ( G-V) plots, tail current amplitudes were plotted as a function of the prepulse potential for each cell or patch and were fitted with a first-order Boltzmann function: I ϭ I leak ϩ I max /(1 ϩ exp(Ϫ(V Ϫ V h )/␣)), where I leak is voltage-independent leak current, I max is the amplitude of the fully activated current at the tail current voltage, V is prepulse voltage, V h is voltage at half-maximal activation, and ␣ is slope factor. I leak was subtracted, and currents were normalized to I max to yield G norm for each experiment. The G-V curves shown are averaged data from n experiments. The slope conductance provided by the KCNQ-type current in IHCs was derived from the instantaneous current measured at potentials between Ϫ84 and Ϫ64 mV.
All voltages were corrected for measured liquid junction potentials (4.0 and 3.7 mV for whole-cell and inside-out recordings, respectively). Data analysis and fitting was performed with IgorPro (WaveMetrics, Lake Oswego, OR) on a Macintosh PowerPC (Apple Computers, Cupertino, CA). All data are presented as mean Ϯ SD.
Immunocytochemistry and laser confocal microscopy. Cochleae of mice and rats (between 2 weeks and 3 months old) were isolated, dissected, and fixed as described previously (Knipper et al., 2000) . Cochleae were decalcified after fixation for 1 min to 1 hr in Rapid Bone Decalcifier (Eurobio, Fisher Scientific, Nidderau, Germany). After overnight incubation, cochleae were embedded in O.C.T. compound (Miles Laboratories, Elkhart, IN). Cochlear sections (10 M) were thawed, permeabilized with 0.1% Triton X-100 in PBS for 3 min at room temperature, preblocked with 1% bovine serum albumin in PBS, and incubated overnight at 4°C with two different primary anti-KCNQ4 antibodies [one described by Kharkovets et al. (2000) and kindly provided by T. Jentsch (Zentrum für Molekulare Neurobiologie, Hamburg, Germany); the other, affinitypurified goat anti-KCNQ4 antibody, from Santa Cruz Biotechnology (Santa Cruz, CA)] at a dilution of 1:50; the specificity of the staining was tested by preincubation of the goat anti-KCNQ4 antibody with the antigenic peptide (sc-9385) as described by the manufacturer. In addition, in some experiments, affinity-purified sheep anti-synaptophysin was used at a dilution of 1:2500. For revealing immunoreactivity of KCNQ4, either an anti-rabbit Cy3-conjugated antibody (0.35 g/ml for 60 min; Jackson ImmunoResearch, West Grove, PA) or an anti-goat Alexa-Fluor-488-conjugated antibody (1:1500; Molecular Probes, MoBiTec, Göttingen, Germany) was used as a secondary IgG antibody. For detecting immunoreactivity of synaptophysin, anti-sheep Alexa Fluor 555 (1:6000; Molecular Probes, MoBiTec) was used as a secondary IgG antibody. For additional nuclear staining, sections were embedded with Vectashield mounting medium with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA).
Sections were imaged either with an Olympus Optical (Tokyo, Japan) AX70 microscope equipped with epifluorescence illumination or with a confocal laser scanning microscope (LSM 410) mounted on an Axiovert 135 M (Zeiss, Oberkochen, Germany). Stacks of confocal images with a step interval of 0.4 m were taken over a total z-distance of 11.2 m and reconstructed on a Silicon Graphics (Mountain View, CA) computer with Voxel View software.
Single-cell multiplex RT-PCR. Organs of Corti from mice (apical turn, 22-25 d after birth) were prepared as described for electrophysiology. Cytoplasm of IHCs, OHCs, and Deiters' cells was harvested with a patchclamp capillary that contained 1 l of intracellular buffer (in mM: 160 KCl, 3 MgCl 2 , and 1 HEPES) and was sealed onto the plasma membrane. After rupture of the membrane, the cell content was collected by gentle suction under visual control and expelled directly into the RT reaction (total reaction volume of 10 l). For controls, fluid surrounding the cells was collected. RT was performed with a mixture of 5 M random hexanucleotides (Roche Molecular Biochemicals, Mannheim, Germany) and 50 pmol of the outer reverse PCR primers (see below), 10 mM dithiothreitol, 1 mM dNTPs (Fermentas, St. Leon-Rot, Germany), 10 U of RNasin RNase inhibitor (Promega, Mannheim, Germany), and 100 U of Superscript II reverse transcriptase (Invitrogen, Karlsruhe, Germany) at 42°C overnight. A nested multiplex-PCR approach was used to amplify KCNQ4 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primers were the following: rat KCNQ4 outer primers (deduced from GenBank accession number AC129237.2), 5Ј-GCCAAGCAGTGAG-CAGGT-3Ј (sense), 5Ј-GATGACCGTCTTCACAGCAG-3Ј (reverse); rat KCNQ4 inner primers, 5Ј-CCCAGCAAGGTGCAGAAAAG-3Ј (sense), 5Ј-CATCATCCACCGTAAGCTCACA-3Ј (reverse); rat GAPDH outer primers, 5Ј-TCGTCTCATAGACAAGATGGTGA-3Ј (sense), 5Ј-TTC-CCATTCTCAGCCTTGAC-3Ј (reverse); and rat GAPDH inner primers, 5Ј-TCGGTGTCAACGGATTTGG-3Ј (sense), 5Ј-AACTTGCCGTGGGT-AGAATCA-3Ј (reverse). The first multiplex-PCR reaction (GAPDH and KCNQ4) comprised 40 cycles (94°C for 30 sec, 52°C for 30 sec, and 72°C for 40 sec) and was done in a total reaction volume of 50 l using AmpliTaq Gold DNA-polymerase (Applied Biosystems, Weiterstadt, Germany) and 50 pmol of outer primers. The nested PCR reactions comprised 40 cycles (94°C for 30 sec, 55°C for 30 sec, and 72°C for 30 sec) and were performed separately for KCNQ4 and GAPDH using 1 l of the first reaction as starting material and 10 pmol of the inner primers. All primers were designed with the program PrimerExpress (Applied Biosystems), and the final nested PCR products (150 bp each) were visualized on 2% agarose gels. KCNQ4 amplification was verified by direct sequencing of the PCR products.
Results
Resting potential in cochlear IHCs is set by KCNQ-type K ؉ channels When investigated by current-clamp whole-cell recordings, mouse IHCs exhibited stable resting membrane potentials (V R ) of Ϫ72.4 Ϯ 1.2 mV (n ϭ 11). As shown in Figure 1 A, this V R did not change when 5 mM TEA, which effectively suppressed the fast BK-mediated IHC K ϩ conductance I K,f ( Fig. 1 B) , was applied to the extracellular surface of IHCs (⌬V R ϭ ϩ0.5 Ϯ 0.2 mV; n ϭ 11). In contrast, a considerable shift in V R of ϩ6.9 Ϯ 1.2 mV (to Ϫ64.7 Ϯ 2.1 mV; n ϭ 7) was observed after application of linopirdine (10 M), a selective blocker of KCNQ-type K ϩ channels (Wang et al., 1998) . This indicated that, whereas I K,f contributes little to V R , a distinct, linopirdine-sensitive conductance sets the resting membrane potential of IHCs in the isolated organ of Corti.
Different from the application under resting conditions, reapplication of TEA in the presence of linopirdine caused a shift in V R by 2.7 Ϯ 0.7 mV (to Ϫ61.3 Ϯ 2.3 mV; n ϭ 4) ( Fig. 1 A) , suggesting that a significant fraction of I K,f was activated and thus contributed to V R , presumably together with the delayed rectifier I K,s (Kros and Crawford, 1990 ).
Identification and characterization of the KCNQ channels in IHCs
We next attempted to characterize the linopirdine-sensitive conductance active in IHCs at a V R of approximatelyϪ70 mV under voltage-clamp conditions (Fig. 2 ). Figure 2 A shows current traces recorded in response to depolarizing voltage steps from a holding potential of Ϫ84 mV. In addition to the well known fast and slowly activating I K,f and I K,s currents, another current lighted up at the holding potential, well below the activation range of both I K,f and I K,s (Kros and Crawford, 1990) . When investigated in the presence of 5 mM TEA to suppress the BK-mediated I K,f , the novel current showed biophysical hallmarks that were very reminiscent of the linopirdine-sensitive KCNQ current, I K,n , characteristic for cochlear OHCs (Housley and Ashmore, 1992; Marcotti and Kros, 1999) .
Thus, the current behaved ohmically at potentials positive to Ϫ70 mV and deactivated on hyperpolarization. The deactivation time course was approximately monoexponential, with time constants ranging from 9.7 Ϯ 1.3 msec at Ϫ154 mV to 62.0 Ϯ 7.2 msec at Ϫ94 mV (n ϭ 9 IHCs) (Fig. 2 B) . The steady-state activation curve determined from tail current experiments as in Figure 2 B (see also Materials and Methods) was placed at hyperpolarized potentials similar to the KCNQ current in OHCs (Housley and Ashmore, 1992) . Thus, fitting the G-V relationship with a Boltzmann function (see Materials and Methods) yielded a voltage for half-maximal activation (V h ) of Ϫ85.1 Ϯ 2.5 mV and a slope factor of 10.5 Ϯ 0.1 mV (n ϭ 6 IHCs) (Fig. 2C) . The maximal amplitude of the current as obtained from the Boltzmann fits was Ϫ0.31 Ϯ 0.09 nA at Ϫ120 mV (I max , Ϫ120mV ), and the slope conductance provided by the current was 5.1 Ϯ 1.5 nS (n ϭ 8) around the V R . Furthermore, the current displayed high selectivity for K ϩ ions, as illustrated by the Nernstian behavior of the reversal potentials measured at several concentrations of extracellular K ϩ (Fig. 2 D) . Similar to the functional properties, the pharmacological profile of the novel IHC current closely matched that of the KCNQtype current of OHCs. It was insensitive to intracellularly applied 4-AP (10 mM; data not shown) and to extracellular TEA (Fig. 2 B) . Instantaneous current measured at Ϫ120 mV in the presence of 5 mM TEA was 91 Ϯ 7% of the control value (n ϭ 8). In contrast to TEA and 4-AP, the current was potently inhibited by the KCNQchannel blockers linopirdine and XE991. As shown in Figure 3 , block by linopirdine was dose dependent and slowly reversible. Fitting of a Hill equation to the dose-response curve yielded values for IC 50 and the Hill coefficient of 0.58 M and 1.1, respectively. Sensitivity to XE991 was even higher, because 100 nM blocked 77 Ϯ 4% of the current; XE991-induced inhibition appeared to be irreversible, because no recovery was observed throughout the duration of the recordings (n ϭ 4 IHCs). The close agreement in biophysical and pharmacological properties with I K,n of OHCs, which is thought to be carried by KCNQ4 channels (Marcotti and Kros, 1999; Kharkovets et al., 2000) , suggested that KCNQ4 channels also underlie the linopirdinesensitive current in IHCs.
We therefore probed expression of this channel subunit in mouse IHCs with both immunocytochemistry and single-cell RT-PCR. Immunocytochemistry was done with two different antibodies directed against the N-and C-terminal domains of KCNQ4 in the cochleae of four mice each. As shown in Figure  4 A-C, fluorescence microscopy revealed binding of anti-KCNQ4 that could be inhibited with the appropriate blocking peptide in both OHCs and IHCs. Whereas in OHCs, KCNQ4 was localized exclusively into a brightly labeled cap at the basal pole (Kharkovets et al., 2000) , staining in IHCs was somewhat weaker and appeared as a spotted pattern predominantly lining the cell membrane (Fig. 4 B) . KCNQ4 immunoreactivity was observed in IHCs in all turns of the cochlea from the end of the second postnatal week onward; moreover, an analogous staining pattern of KCNQ4 was observed in the cochleae of all four rats tested (data not shown). The detection of KCNQ4 protein in both IHCs and OHCs was corroborated by single-cell RT-PCR. As illustrated in Figure 4 D, transcripts of the KCNQ4 subunit were detected in OHCs (seven of eight cells tested) and in IHCs (four of seven cells tested), whereas PCR failed to amplify a KCNQ4 transcript in the five Deiters' cells tested, all of which showed positive signals for GAPDH.
This result is nicely complemented by recent work describing expression of KCNQ4 in both types of cochlear hair cells on the basis of whole-mount in situ hybridization and RT-PCR analysis (Beisel et al., 2000) . Base-to-apex gradients as seen in these in situ hybridizations were not investigated here because of the weak immunofluorescence signal in IHCs. Together, electrophysiological recordings, immunocytochemistry, and single-cell PCR analysis strongly suggest that IHCs are endowed with KCNQ4 channels, giving rise to a current that is virtually indistinguishable from I K,n , the major K ϩ conductance in OHCs. Because of its activation at very negative voltages, the KCNQ current of IHCs provides the main source of the resting potential of the cell. It should be added at this point that the KCNQ current, as described above, was also observed in IHCs from rat. There, channel activation was characterized by V h ϭ Ϫ82.6 Ϯ 4.4 mV and ␣ ϭ 10.3 Ϯ 0.8 mV (n ϭ 6); current amplitude, I max , Ϫ120mV , was Ϫ0.37 Ϯ 0.15 nA, and the corresponding slope conductance at V R provided by the KCNQ channels was 9.3 Ϯ 3.8 nS.
KCNQ channels control the resting submembrane [Ca 2؉ ] in cochlear IHCs
Current-clamp experiments as in Figure 1 clearly demonstrated that BK channels did not contribute appreciably to the K ϩ conductance of the cell at the normal V R ; a substantial portion of Traces are shown with leak current (65 pA at Ϫ120 mV) subtracted. Zero-current level is indicated by the dotted line. C, Activation curve of the novel current recorded in B. Tail current amplitude was taken 1.5 msec after stepping to Ϫ124 mV, and prepulse duration at the various potentials was 500 msec to ensure steady-state conditions. Continuous line represents fit of a Boltzmann function (see Materials and Methods) to the normalized currents averaged from six IHCs; values for V h and slope as yielded by the fit were Ϫ84.3 and 10.1 mV, respectively. D, Reversal potentials of the novel current measured at different extracellular K ϩ concentrations closely matched the K ϩ equilibrium potential given by the Nernst equation (straight line). Reversal potential was determined from leak-corrected instantaneous currents after steps to potentials between Ϫ144 and Ϫ54 mV. Leakage conductance (1.2 Ϯ 0.3, 1.0 Ϯ 0.2, and 1.3 Ϯ 0.5 nS for 2, 5.8, and 12 mM K ϩ ex , respectively) was determined by a linear fit to currents remaining after complete deactivation of the KCNQ-type current at potentials between Ϫ144 and Ϫ124 mV. Extracellular TEA (5 mM) was used to block I K,f . Data for 2, 5.8, and 12 mM K ϩ ex are mean Ϯ SD from 4, 9, and 5 IHCs, respectively. these channels, however, was activated when V R was shifted to depolarized potentials as a result of block of the KCNQ4 channels. Activation of BK channels at potentials as negative as Ϫ65 mV is thought to require [Ca 2ϩ ] i in the upper micromolar range (Adelman et al., 1992; Cui et al., 1997) , suggesting that the linopirdine-induced depolarization led to a voltage-dependent increase in [Ca 2ϩ ] i , most likely arising from the activation of voltage-gated Ca 2ϩ channels (Ca V ). Consistent with this idea, a hallmark of IHC Ca 2ϩ channels (␣1D L-type Ca 2ϩ channels, Ca V 1.3) is their unusually negative activation range (Platzer et al., 2000; Xu and Lipscombe, 2001) .
To test this idea, [Ca 2ϩ ] i was assessed by using the BK channels of IHCs as a Ca 2ϩ sensor. First, we measured steady-state activation of BK channels as a function of membrane potential in the whole-cell mode (Fig. 5A,B) . Isolation of BK currents was achieved by blocking all other K ϩ conductances of IHCs with linopirdine (extracellular side, 1 M) and 4-AP (intracellular side, 10 mM). G-V curves were determined from tail currents following voltage steps to different potentials (Fig. 5B,C) and analyzed by fitting with a Boltzmann function (Fig. 5D ). V h and slope factor obtained by this procedure were Ϫ44.7 Ϯ 4.3 and 8.3 Ϯ 1.0 mV, respectively (n ϭ 6 IHCs). Next, we determined the sensitivity of the IHC BK channels to intracellular Ca 2ϩ . Intracellular solutions with different free [Ca 2ϩ ] i were applied to the cytoplasmic face of inside-out patches excised from IHCs. The BK currents measured in these patches, typically ϳ0.5 nA in amplitude (Fig. 6A) , were probed for their voltage dependence of activation at each [Ca 2ϩ ] i by tail current analysis. As shown in Figure  6 , A and B, the voltage required for half-maximal activation of the channels was shifted to the left when [Ca 2ϩ ] i was increased from 0 to 10 M. The V h values obtained from Boltzmann fits to the G-V curves were 39.0 Ϯ 11.0, 6.8 Ϯ 10.7, Ϫ27.6 Ϯ 10.2, and Ϫ68.9 Ϯ 10.8 mV for [Ca 2ϩ ] i of 0, 1, 3, and 10 M, respectively (n ϭ 21, 15, 11, and 12 patches); the slope factor was ϳ18 mV, independent of [Ca 2ϩ ] i (Fig. 6A,B) . Similar to previous reports (Cui et al., 1997) , the increase in [Ca 2ϩ ] i resulted in a decreased time constant for channel activation (Fig. 6A) . In addition to the variance of the V h values at a given [Ca 2ϩ ] i , we occasionally observed a drift in V h over several minutes toward positive potentials. Such data were excluded from further analysis. However, this observation suggests that voltage and/or Ca 2ϩ dependence of BK channels may be modulated in IHCs. Moreover, the direction of this shift suggests that the most negative G-V curves recorded in patches may best represent the properties of the BK channels in the whole-cell situation.
Comparison of the G-V curves recorded in whole-cell mode with those determined in excised patches with defined [Ca 2ϩ ] i now allowed for an estimation of the actual [Ca 2ϩ ] i in the intact IHC (Fig. 6C,D) . Thus, fractional activation of BK currents in whole IHCs at potentials more negative than Ϫ70 mV was smaller than or comparable with that obtained with 1 M [Ca 2ϩ ] i (Fig. 6C,D (Fig. 6 A, asterisk) is used as the reference, a lower limit for [Ca 2ϩ ] i of 1 M is obtained at Ϫ65 mV. This indicated that depolarizations as induced by block of the KCNQ4 channels were accompanied by a rise in submembrane [Ca 2ϩ ] i to 1-3 M (Fig. 6 D) . This estimation assumes a homogeneous submembrane [Ca 2ϩ ] i . Alternatively, the rise in submembrane [Ca 2ϩ ] i may be more localized; in this case, the fraction of BK channels activated may even experience a higher [Ca 2ϩ ] i . Overall, the activation curve of BK channels recorded in whole-cell configuration was considerably steeper than any of the G-V values determined in inside-out patches at defined [Ca 2ϩ ] i. This difference indicated a progressive increase in [Ca 2ϩ ] i with depolarization of the IHC between Ϫ80 and 0 mV and most likely resulted from the activation of Ca 2ϩ currents, which themselves were obscured by the large K ϩ currents in the recordings shown.
Together, these results strongly suggested that the K ϩ conductance mediated by KCNQ4 channels not only sets V R of the IHCs in the isolated cochlea but thereby also curtails the submembrane Ca 2ϩ level to low concentrations.
Discussion

KCNQ4 currents in IHCs
Detailed investigation of the K ϩ conductances in cochlear IHCs showed that these sensory cells are endowed with a voltagedependent K ϩ current distinct from the outwardly rectifying current components I K,f and I K,s (Kros and Crawford, 1990; Kros et al., 1998) . Whereas the latter provide a large K ϩ conductance Figure 6 . Ca 2ϩ dependence of BK currents in inside-out patches reveals a voltagedependent increase of [Ca 2ϩ ] i in the intact IHC. A, BK currents measured in response to depolarizing voltage steps in an inside-out patch excised from an IHC at the [Ca 2ϩ ] i indicated. Voltage protocols were as follows: left (0 and 1 M Ca 2ϩ ), holding potential (V H ), Ϫ104 mV; voltage steps, Ϫ104 to ϩ136 in 20 mV increments; tail current voltage (V T ), ϩ26 mV; right (3 and 10 M Ca 2ϩ ), V H , Ϫ104 mV; voltage steps, Ϫ144 to ϩ116 mV in 20 mV increments; V T , ϩ11 mV. Each trace is averaged from 20 individual current recordings; 10 mM 4-AP was present in all solutions to block other K ϩ currents. B, G-V relationships of IHC BK channels at 0, 1, 3, and 10 M Ca 2ϩ obtained from 21, 15, 11, and 12 patches using tail current analysis as described in Figure 5D . Symbols refer to the different [Ca 2ϩ ] i indicated in A. C, Overlay of BK activation curves as obtained from patch and whole-cell measurements. Curves shown are fits to the data replotted from Figure 5D activated on depolarization, the novel current contributes a smaller overall conductance. However, its negative range of activation renders it the predominant K ϩ conductance at the resting potential of the cell measured in the isolated organ of Corti.
Identification of this current as being carried by KCNQ4 channels is based on several findings. First, it shares all characteristics with I K,n , the major OHC K ϩ current that is generally thought to be carried by KCNQ4 channels (Marcotti and Kros, 1999; Jentsch, 2000; Kharkovets et al., 2000) . This similarity includes the very negative range of activation (V h of Ϫ84 mV in OHCs) (Marcotti and Kros, 1999) , a high sensitivity to linopirdine (IC 50 of 0.7 M for OHCs) (Marcotti and Kros, 1999) , and the kinetic properties (data not shown) (Housley and Ashmore, 1992) . Second, its pharmacological profile is characterized by a high sensitivity to the KCNQ-channel blockers linopirdine and XE991 together with insensitivity to TEA and 4-AP (Wang et al., 1998; Kubisch et al., 1999; Hadley et al., 2000) . Third, expression of KCNQ4 in IHCs was confirmed by immunocytochemistry and single-cell RT-PCR.
Expression of KCNQ4 has so far been thought to be restricted to cochlear OHCs, vestibular hair cells, and central auditory neurons (Kubisch et al., 1999; Kharkovets et al., 2000) . However, expression in IHCs might have been missed because of the lower expression level and a less dense localization within the plasma membrane. Indeed, recent reports point toward expression of KCNQ4 in mouse and guinea pig IHCs on the basis of immunofluorescence (Kharkovets et al., 2000) and in mouse IHCs on the basis of in situ hybridization and RT-PCR analysis (Beisel et al., 2000) . Other members of the KCNQ family have not been detected unequivocally in the organ of Corti, but a weak RT-PCR signal for KCNQ3 has been reported for cochlear tissue (Kubisch et al., 1999) . Thus, the possibility of heteromeric KCNQ4/3 channels in hair cells cannot be ruled out completely at present.
It seems worth mentioning that the gating properties of KCNQ4 channels in both types of cochlear hair cells are significantly different from any homomerically or heteromerically assembled KCNQ channel characterized in heterologous expression systems. These differences include activation of channels at very negative potentials, which was never observed for cloned KCNQ channels, and the activation kinetics, which are much slower in recombinant channels (Wang et al., 1998; Kubisch et al., 1999; Schroeder et al., 2000; Sogaard et al., 2001) . The molecular determinants of these differences in channel gating are currently unknown.
Properties of BK channels in IHCs
The response properties of IHCs to the depolarizing receptor current are determined primarily by a fast outwardly rectifying K ϩ conductance called I K,f . This current is carried by the largeconductance Ca 2ϩ -and voltage-activated BK channels, as indicated by its sensitivity to the BK blockers iberiotoxin and charybdotoxin and its submillisecond activation and deactivation kinetics (Kros and Crawford, 1990; Kros et al., 1998) Brenner et al., 2000) , and protein phosphorylation (Levitan, 1994; Hall and Armstrong, 2000) . We therefore determined activation parameters in inside-out patches from IHCs using different [Ca 2ϩ ] i . Surprisingly, the BK channels of IHCs showed particularly negative activation ranges. Thus, the voltage required for half-maximal activation at [Ca 2ϩ ] i of 1 M was ϩ7 mV, whereas it can be as positive as ϩ50 to 100 mV in other cell types and expression systems (Cui et al., 1997; Hurley et al., 1999) . Accordingly, low micromolar concentrations of Ca 2ϩ are sufficient to allow for substantial BK channel activation in IHCs on the working voltage range of these nonspiking cells. A similar negative activation range has been found in certain BK splice variants (Ransom et al., 2002) and in BK channels from lower vertebrate hair cells complexed with ␤-subunits (Jones et al., 1999) .
In good agreement with previous data from guinea pig (Kros and Crawford, 1990) , onset of BK channel activation in intact IHCs was approximately at Ϫ70 mV and showed a steeper voltage dependence than observed with constant [Ca 2ϩ ] i at excised patches. This indicated a progressive increase in [Ca 2ϩ ] i with depolarization that is likely to result from activation of the IHC Ca V channels. In perfect agreement with the very negative activation of BK channels, the Ca V channels of IHCs are formed by ␣1D (Ca V 1.3), which characteristically opens at potentials as low as Ϫ65 mV (Platzer et al., 2000; Xu and Lipscombe, 2001 ). Apparently, the small fraction of Ca V channels open at this potential is sufficient to increase [Ca 2ϩ ] i to ϳ2 M, at least in the close proximity of the BK channels (Fig. 6C,D) .
Function of KCNQ4 in IHCs
Because of their negative activation range, the KCNQ4 channels are open over the complete voltage range adopted by the IHC, providing it with a "background" K ϩ current. As shown by blocking this current, it can set the resting potential and consequently maintain low intracellular Ca 2ϩ levels by favoring the closed state of Ca 2ϩ channels. Furthermore, this current will contribute to the resting conductance of the IHC and thereby to its membrane time constant.
These conclusions, however, rely on the assumption that the resting potential in vivo is close to the values found in this patchclamp study (Ϫ72 mV). This is because a shift in V R of just ϩ10 mV is sufficient to activate an appreciable conductance supplied by I K,f (Fig. 5D ) and I K,s such that the impact of KCNQ channels on overall K ϩ conductance and membrane potential will decrease. It should be noted that potential recordings with intracellular electrodes yielded more depolarized resting potentials of approximately Ϫ40 mV (Dallos, 1985) . However, it has been argued convincingly that such depolarized potentials probably result from damage inherent to the impalement of microelectrodes into the IHC and that patch-clamp measurements will provide more realistic estimates of V R (Kros, 1996) .
IHCs and DFNA2
Mutations in the KCNQ4 gene are known to cause inherited autosomal dominant hearing loss in humans classified as DFNA2 (Kubisch et al., 1999) . DFNA2 is characterized by a slowly progressing hearing loss that develops from high to low frequencies and finally leads to severe deafness (Marres et al., 1997; De Leenheer et al., 2002) . On the basis of the strong expression of KCNQ4 in the basolateral membrane of OHCs, it was hypothesized that hearing loss in DFNA2 may be caused by a defect in OHC K ϩ homeostasis. Loss of basolateral KCNQ4 channels could result in a cytoplasmic accumulation of K ϩ that would finally lead to OHC degeneration (Kubisch et al., 1999; Jentsch, 2000) . Although this mechanism would be compatible with the progressive nature of DFNA2, complete loss of OHCs will ultimately reduce hearing threshold by 40 -50 dB (Ryan and Dallos, 1975) . Profound hearing loss as reported for patients with DFNA2 is insufficiently explained by nonfunctional OHCs. Thus, additional pathophysiological mechanisms must apply. A contribution of central auditory pathways, in which neuronal KCNQ4 expression is found, has been proposed (Jentsch, 2000; Kharkovets et al., 2000) . Alternatively, a more generalized degeneration of the organ of Corti, including OHCs and IHCs, may lead to severe hearing loss, as recently observed in a mouse model bearing a targeted gene deletion of the OHC-specific protein prestin (Liberman et al., 2002) .
Our findings suggest involvement of IHCs in the development of the DNFA2 phenotype. In the first place, lack of KCNQ4 channels may lead to a destabilization of the membrane potential as shown above. Depolarization will in turn increase presynaptic activity of the IHC, and, consequently, resting firing rates of the auditory nerve fibers will rise. Interestingly, in some affected families, DFNA2 is associated with tinnitus, which might result from excessive afferent activity (Coucke et al., 1994; Kubisch et al., 1999) . More importantly, our in vitro experiments suggest that even the moderate depolarization that results from loss of KCNQ channels will lead to an increase in intracellular Ca 2ϩ levels, at least in a submembranous compartment. Although our results cannot show directly that permanent loss of KCNQ function will result in a sustained Ca 2ϩ load of IHCs in vivo, a chronic Ca 2ϩ overload may be a candidate for induction of degeneration of IHCs, which in turn would lead to complete hearing loss in the cochlear region (frequency range) affected. Recent in situ hybridization data have shown a cochlear baseto-apex gradient of KCNQ4 expression in IHCs. The highest expression levels were found in basal, high-frequency IHCs (Beisel et al., 2000) . Thus, the proposed hypothesis involving degeneration of IHCs could account for both progressive hearing loss resulting in complete deafness and the frequency dependence of hearing loss that develops from high toward lower frequencies in DFNA2 patients (De Leenheer et al., 2002) .
